Introduction
St ress hyperglycemia (SH) commonly occurs during critical illness in children, even in those with previously normal glucose homeostasis. [1] [2] [3] [4] [5] [6] [7] Historically, SH during pediatric critical illness was considered to be, at best, an adaptive response that improved survival or, at worst, inconsequential. 8, 9 However, studies in children have challenged this assertion by observing that SH during critical illness is associated with poor outcomes. [1] [2] [3] [4] [5] [6] [7] [10] [11] [12] [13] [14] [15] [16] Based on the premise that SH during critical illness is possibly harmful, tight glucose control (TGC) to normalize blood glucose (BG) concentrations has emerged as a rational but unproven therapy to improve outcomes in critically ill children. Studies of TGC in critically ill adults have had mixed results, with some observing worse outcomes from TGC. [17] [18] [19] [20] [21] Notably, all studies of TGC in critically ill adults observed significant increases in hypoglycemia. [17] [18] [19] [20] [21] Consequently, the initial rush to embrace this therapy has justifiably given way to a more cautious approach in the adult critical care community. 22 Various reasons have been put forth to explain the observed differences in results of these trials. These include disparities in patient populations, differences in glucose control targets, variability in attaining these targets, differences in glucose control protocols and nutrition delivery, variable sampling and measurement techniques, and variable expertise in protocol implementation. 23 The pediatric critical care community faces an even greater dilemma due to the lack of large-scale clinical trials of TGC in critically ill children. A single-center study of TGC in critically ill children predominantly recovering from cardiac surgery observed reductions in inflammation and length of intensive care unit (ICU) stay, but at the cost of a substantial increase in hypoglycemia. 24 While most practitioners agree that SH is likely harmful and should be avoided in critically ill children, they worry about iatrogenic hypoglycemia and few use a standardized approach to TGC. 25, 26 This review examines the mechanisms for development of SH and discusses the impact of factors specific to the environment of the ICU on the development of SH and resulting implications for TGC in critically ill children.
Stress Hyperglycemia in Pediatric Critical Illness
Stress hyperglycemia is common in pediatric critical illness, with an estimated 49-72% of children experiencing BG concentrations >150 mg/dl (>8.3 mmol/liter). [1] [2] [3] [4] [5] [6] [7] Additionally, it is estimated that BG concentrations >200 mg/dl (>11 mmol/liter) occur in as many as 20-35% of critically ill children. [1] [2] [3] [4] [5] [6] [7] In comparison, 3.8-5% of children presented to the emergency room experience BG levels >150 mg/dl (8.3 mmol/liter). 27, 28 Peak BG concentrations in critically ill children can often range as high as 172 + 78 mg/dl (9.6 + 4.3 mmol/liter) to 283 + 115 mg/dl (15.7 + 6.4 mmol/liter). 1, 2, 6, 29 Stress hyperglycemia can also remain sustained over a prolonged period of ICU admission (ranging from 42 + 14% to 44 + 28% of duration of ICU stay). 1, 29 Several studies have demonstrated the association of SH in critically ill children with mortality. [1] [2] [3] [4] [5] [10] [11] [12] [13] [14] [15] [16] Specifically, peak and duration of SH appear to be associated with mortality. Peak BG concentrations tend to be much higher in nonsurvivors compared with survivors. [1] [2] [3] [4] [5] Similarly, nonsurvivors tend to have exposure to longer duration of SH compared with survivors. 1, 29 This association of SH with mortality appears across different pediatric disease states, including septic shock, burns, traumatic brain injury, post cardiac surgery, and trauma. [10] [11] [12] [13] [14] [15] [16] Additionally, SH is associated with longer periods of ICU and hospital stay and more frequent nosocomial infections, including surgical site infections in critically ill children. [2] [3] [4] [5] [6] 29, 30 While all these studies demonstrate strong associations between SH and poor clinical outcomes, they do not necessarily demonstrate a cause and effect relationship, because SH tends to be more marked in patients with greater illness severity. Table 1 summarizes key pediatric studies that have examined the association between SH and mortality in critically ill children. 
Pathophysiology of Stress Hyperglycemia
Critical illness is characterized by injury to the cellular environment from a variety of factors such as hypoxia, oxidative stress, systemic inflammation, and reduced or redistributed blood flow. In the setting of critical illness, SH develops principally through a combination of (1) increased gluconeogenesis relative to glucose clearance and (2) development of insulin resistance affecting cellular uptake of glucose 31 ( Figure 1) . Both of these mechanisms appear to be mediated via increases in counterregulatory hormones (i.e., epinephrine, norepinephrine, glucagon, cortisol, growth hormone) and proinflammatory cytokines [tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), interleukin-6 (IL-6)]. 32, 33 Additionally, proinflammatory cytokines may directly inhibit insulin secretion by pancreatic β cells through stimulation of α adrenergic receptors. 34 The overall effect of SH in critical illness is to increase BG concentrations and provide a ready source of fuel for vital organs in the body at a time of increased metabolic demand. While initially SH may represent an adaptive response by the body during the acute phase of illness to improve the likelihood of survival, persistence of SH during chronic illness may be harmful.
Alterations in Glucose Metabolism
During health, a balanced combination of glycogenolysis and gluconeogenesis maintains adequate BG concentrations between meals. After a meal, elevated BG concentrations result in insulin release with suppression of gluconeogenesis and increased formation of glycogen. During conditions of stress, increased concentrations of counter- regulatory hormones and proinflammatory cytokines initially mediate rapid glycogenolysis and gluconeogenesis, resulting in elevated BG concentrations. 31 Glycogen stores are rapidly depleted in the unfed state, with glycogenolysis contributing to limited glucose production. 32 However, hepatic gluconeogenesis persists, resulting in increased glucose production and development of SH.
35, 36 The surge in catecholamines during critical illness results in increased levels of glucagon so that gluconeogenesis is maintained even in the presence of elevated levels of insulin. 37 The kidney is also an important source of gluconeogenesis in critical illness and may account for up to 40% of glucose production in response to catecholamines. 38 Other hormonal changes, such as increase in growth hormone (GH) and reduction in insulin-like growth factor-1 (IGF-1), facilitate the breakdown of muscle to release alanine to the liver to support continued gluconeogenesis.
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Alterations in Insulin Sensitivity and Secretion
Critical illness is characterized by development of both central and peripheral insulin resistance. Central insulin resistance at the level of the liver is mediated by glucagon, epinephrine, and cortisol, resulting in sustained hepatic gluconeogenesis even in the face of elevated levels of insulin. 37 Hepatic insulin resistance is also associated with increase in GH and reduction in IGF-1 levels. 39 Peripheral insulin resistance occurs in muscle and adipose tissue due to alterations in the insulin-signaling pathway mediated largely by counter regulatory hormones and inflammatory cytokines. Increased cortisol, GH, and epinephrine levels in critical illness impair the translocation of the insulin-dependent glucose transporter protein 4 (GLUT-4) from internal membrane stores and reduce insulin binding. 40, 41 Inflammatory cytokines affect serine phosphorylation of insulin receptor substrate 1 and inhibit insulin receptor tyrosine kinase, thereby reducing cellular utilization of glucose via GLUT-4. 42, 43 Increased free fatty acid (FFA) concentrations due to lipolysis mediated by catecholamines and GH also increase insulin resistance. 42, 43 Such acquired peripheral insulin resistance may persist for an extended period of time following recovery from critical illness in children. 44 In addition to the development of insulin resistance, studies have also demonstrated abnormalities in pancreatic β-cell function and reduced insulin secretion in critically ill children. 45, 46 
Stress Hyperglycemia and Harm
Acute SH has more adverse consequences in critically ill patients than in healthy individuals or even patients with diabetes. 47 Under normal conditions, elevated BG concentrations stimulate secretion of insulin by the pancreas, which in turn blocks hepatic glucose production and stimulates glucose uptake by the liver, muscle, and adipose tissue. Peripheral glucose uptake is regulated by the GLUT family of proteins via facilitated diffusion. Elevated BG concentrations downregulate insulin-independent GLUT-1, GLUT-2, and GLUT-3 to prevent cellular glucose overload. In contrast, critical illness causes an overexpression of these transporters, leading to glucose overload and toxicity in organ systems that express these transporters. Upregulation of these insulin-independent GLUTs is seen in the central and peripheral nervous systems, as well as in endothelial, hepatic and immune cells, renal tubules, and gastrointestinal mucosa. 47 Glucose overload results in excessive glycolysis and oxidative phosphorylation, with increased production of reactive oxygen species (ROS), such as peroxynitrite and superoxide in these cells. These highly reactive species cause mitochondrial dysfunction and altered energy metabolism, leading to increased apoptosis, and consequently, cellular and organ system failure in critically ill patients. 47, 48 Insufficient cellular autophagy exacerbated by SH may worsen cellular damage and delay recovery from critical illness. 49 Additionally, SH impairs macrophage and neutrophil activity (via reduced phagocytosis) and alters complement fixation (via glycosylation of immunoglobulins). 50, 51 Stress hyperglycemia can also exacerbate the inflammatory state by increasing binding of nuclear factor kappa B, leading to increased transcription of proinflammatory cytokines.
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Additionally, SH is implicated in other abnormalities commonly seen during critical illness, such as endothelial dysfunction, alterations in vascular smooth muscle tone, and abnormalities in coagulation pathways.
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Stress Hyperglycemia and the Intensive Care Unit
Specific ICU interventions, such as mechanical ventilation, vasoactive infusions, renal replacement therapies (RRT), cardiopulmonary bypass (CPB), extracorporeal life support (ECLS), therapeutic hypothermia, prolonged immobility, nutrition support practices, and the use of medications can mediate development of SH during critical illness.
Mechanical Ventilation and Stress Hyperglycemia
Mechanical ventilation is commonly associated with SH in pediatric critical illness, ranging from 60-89% of patients. 1, 4, 6, 15 Mechanical ventilation is known to induce both pulmonary and systemic cytokine responses in conjunction with shear stress and barotrauma. 58 These changes may result in development of SH, especially in the context of multiorgan dysfunction. In turn, SH likely prolongs the duration of mechanical ventilation directly via lung damage and indirectly through the development of critical illness myopathy. 59, 60 Poor control of hyperglycemia in children with type 1 diabetes mellitus and cystic fibrosis is associated with worsening of pulmonary function. 61, 62 It is conceivable that similar mechanisms may play a role during critical illness in children.
Vasoactive Infusions and Stress Hyperglycemia
Stress hyperglycemia can develop with the use of vasoactive infusions such as epinephrine, norepinephrine, and dopamine in the pediatric ICU setting. 63 In a 2009 study, 90% of critically ill children requiring vasoactive infusions were noted to have BG >140 mg/dl (>7.8 mmol/liter). 6 Mechanisms for development of SH due to epinephrine administration include changes in glucose metabolism, characterized by rapid glycogenolysis and sustained gluconeogenesis (via stimulation of β 2 receptors), as well as development of insulin resistance (mediated by release of glucagon and cortisol) along with reduction in insulin secretion (via stimulation of α 2 receptors). 63 Norepinephrine and dopamine have less potent activity at the β 2 receptor and are associated with correspondingly lower degrees of SH.
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Renal Replacement Therapies and Stress Hyperglycemia
Renal replacement therapies are commonly used in the pediatric ICU to manage acute kidney injury that develops during critical illness, especially in the setting of multiorgan dysfunction. 64 Peritoneal dialysis is more commonly associated with the occurrence of SH, compared with hemodialysis. Traditional dialysate solutions used in peritoneal dialysis pose a substantial glucose load, and plasma insulin levels rise with glucose loading in a dosage-dependent manner. 65 These changes induced by the hypertonic dialysate solutions may also result in adverse short-term hemodynamic changes. 65 In turn, SH predisposes patients to acute kidney injury during critical illness via glucose toxicity, resulting in mitochondrial dysfunction, inflammation, apoptosis, endothelial dysfunction, and lipid abnormalities. 66 It is unclear at this time, though, if TGC reduces the need for RRT in critical illness.
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Cardiopulmonary Bypass/Extracorporeal Life Support and Stress Hyperglycemia
Cardiopulmonary bypass is commonly associated with the development of SH in children undergoing cardiac surgery. The incidence of hyperglycemia varies from 52-97%, depending on the definition used. 68, 69 Cardiopulmonary bypass is thought to result in SH through a combination of inflammatory cytokine release, vasoactive infusion use, pancreatic β-cell dysfunction, hypothermia with insulin resistance, and steroid use. 68 While some studies have demonstrated the association of SH with poor outcomes in children undergoing cardiac surgery 14, 29, 30, 69, 70 , other studies have not shown any impact of SH on long-term neurodevelopmental outcomes following cardiac surgery involving CPB. [71] [72] [73] Similar to CPB, ECLS is also associated with development of SH in critically ill children. In the study by Pressig and Rigby, 100% of children on ECLS were observed to develop SH. 6 The mechanisms for development of SH in the context of ECLS are likely to be similar to those of CPB. However, it is unclear if SH is associated with worse outcomes in the setting of pediatric ECLS.
Therapeutic Hypothermia and Stress Hyperglycemia
Application of mild therapeutic hypothermia has emerged as a promising approach to improve outcomes from cardiac arrest due to presumed cardiac origin in adults. 74 However, implementation of such hypothermia protocols has been associated with development of SH, likely due to a combination of reduction in insulin secretion and development of insulin resistance. 75 Limited studies in adults suggest that SH associated with application of therapeutic hypothermia may be associated with worse outcomes. 76 The application of therapeutic hypothermia to improve outcomes from pediatric cardiac arrest and traumatic brain injury continues to be studied and debated.
Prolonged Immobility and Stress Hyperglycemia
Prolonged bed rest is a well-known factor in the occurrence of SH in adults. 77 The mechanisms likely involve development of insulin resistance in the skeletal muscle as a direct consequence of inactivity. 78 In turn, SH may directly influence development of critical illness-related neuro-muscular dysfunction via mechanisms involving apoptosis and mitochondrial oxidative damage to worsen immobility. 60, 79 Critical illness-related neuromuscular dysfunction is poorly characterized in children, likely due to under-diagnosis. 80 Evidence that SH may be involved in critical illness-related neuromuscular dysfunction also emerges from the beneficial effects of TGC in adults and children through reductions in mechanical ventilation dependency and ICU lengths of stay. children are often prescribed parenteral nutrition (PN) for various reasons, such as inability to tolerate enteral nutrition (EN) and ICU practitioner concerns. Provision of excess carbohydrate calories in PN can result in the development of SH. While normal infants and children may have substantially higher glucose turnover rates than adults, 81 limited data from critically ill children suggest that glucose infusion rates (GIR) less than 5 mg/kg/min may be optimal for glucose utilization from PN. 82, 83 Further, BG concentrations may not accurately reflect glucose turnover and utilization. 82 The practice of cycling PN may also be associated with development of SH, most likely due to impaired insulin secretion. 84 On the other hand, provision of a high carbohydrate diet in critically ill children with severe burns was associated with reduced skeletal muscle protein breakdown with increase in endogenous insulin secretion. 85 Regardless of whether PN or EN is employed as the preferred mode of nutrition, overfeeding is common in critically ill children, especially during periods of acute metabolic stress, and may also contribute to SH. 86 Studies have demonstrated that commonly used predictive equations to calculate energy expenditure needs are inferior to the practice of targeted indirect calorimetry and often result in overprescription of calories. [87] [88] [89] In contrast, nutrition strategies, such as supplementation of PN with glutamine and the administration of low calorie PN, may reduce development of SH during critical illness. 90, 91 In turn, SH can affect delivery of nutrition during critical illness in a variety of ways. Stress hyperglycemia may influence the ability to provide consistent or adequate EN during critical illness. Stress hyperglycemia can result in delayed gastric emptying and slowing down of gut motility, even in the absence of diabetes mellitus. 92 Stress hyperglycemia can also impair the prokinetic action of erythromycin on gastric emptying. 93 Altered gut motility and insensitivity to prokinetic agents may result in intolerance to EN. Studies in critically ill adults have demonstrated the association of intolerance to EN with SH and BG variability. 94 Stress hyperglycemia also results in altered nutrient utilization during critical illness. Stress hyperglycemia exacerbates protein catabolism in skeletal muscle in critically ill adults with severe burns. 95 Stress hyperglycemia may also reduce the activity of lipoprotein lipase, contributing to the development of hypertriglyceridemia through reduced clearance of circulating triglycerides.
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Medications and Stress Hyperglycemia
In addition to vasoactive infusions, several medications that are commonly used in the ICU setting result in development of SH. Glucocorticoids can increase the risk of SH in critically ill children, especially when administered in pulse doses. 97 The mechanisms of action by which glucocorticoids result in SH include increase in gluconeogenesis, increase in insulin resistance, and impaired insulin secretion by the pancreas. 98 Thiazide diuretics are associated with the occurrence of SH, largely due to a decrease in whole body potassium, with corresponding reduction in insulin secretion. 99 Stress hyperglycemia is observed with the use of beta blocking agents, due to reduction in insulin secretion from pancreatic β cells. 99 Chronic administration of pentamidine can result in SH, due to impaired insulin release and pancreatic β-cell destruction. 98 Calcineurin inhibitors, such as tacrolimus and cyclosporine, can result in SH and post-transplant diabetes, due to decreases in insulin biosynthesis and release. 98 Newer atypical antipsychotics (clozapine and olanzapine) are associated with SH, diabetes mellitus, and even life-threatening diabetic ketoacidosis. The mechanisms are likely due to development of insulin resistance and inhibition of insulin secretion. 98, 99 Other causes of SH in critical illness include administration of antibiotic and antifungal medications in large volumes of dextrose-containing solutions.
Tight Glucose Control in Critical Illness
Single-center studies of TGC in critically ill adults demonstrated improved outcomes in mortality and morbidity, especially in long-stay patients. 17 However, other multicenter studies were unable to replicate the same observations, with some even observing worse outcomes from TGC. [18] [19] [20] [21] Notably, all studies of TGC in critically ill adults observed significant increases in hypoglycemia. [17] [18] [19] [20] [21] Consequently, adult ICU practitioners now approach TGC with a great deal more caution. 22 Various reasons have been put forth to explain the observed differences in results in these trials. These include disparities in patient populations, differences in glucose control targets, variability in attaining these targets, differences in ICU specific protocols, glucose control protocols and nutrition support practices, variable sampling and measurement techniques, and variable expertise in protocol implementation.
23 Table 2 summarizes major differences in study design and methodology between key studies of TGC in adults that might explain differences in observed outcomes.
The only pediatric study of TGC in critically ill children predominantly recovering from cardiac surgery has observed reductions in mortality, length of ICU stay, and inflammation, but at the cost of a substantial increase in hypoglycemia. 24 A multicenter trial of insulin infusion in very low birth weight neonates ended prematurely because of concerns about futility and potential harm from hypoglycemia. 100 Pediatric ICU practitioners have great concerns about the risk of iatrogenic hypoglycemia, but most practitioners agree that SH is likely harmful and should be avoided in critically ill children. 25, 26 Several multicenter studies of TGC in critically ill children are underway to examine whether this strategy can improve outcomes and do so safely without increasing hypoglycemia. The Control of Hyperglycemia in Pediatric Intensive Care trial in the United Kingdom aims to study the impact of TGC on numbers of days alive and freed of ventilator support at 30 days in 1500 critically ill children who are mechanically ventilated and on vasoactive infusions. 101 The Safe Pediatric Euglycemia in Cardiac Surgery study is examining the impact of TGC in reducing nosocomial infections and improving cardiac index at 24 hours following cardiac surgery using a continuous glucose monitoring system in 980 children.
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The Pediatric ICUs at Emory-Children's Center Glycemic Control trial aims to study the impact of TGC on recovery of organ function by measuring pediatric logistic organ dysfunction scores in 1004 critically ill children with persistent hyperglycemia. 103 Finally, the Heart and Lung Failure -Pediatric Insulin Titration trial is underway to examine the impact of TGC to improve 28-day hospital mortality-adjusted ICU length of stay (equivalent to ICU-free days) in 1880 critically ill children using a continuous glucose monitoring system. 104 Standardization of ICU-specific practices across the many centers involved in these trials will be crucial to the validity and reproducibility of the observed results. The results from these large pediatric trials will hopefully answer important questions for the pediatric ICU practitioner, including, but not limited to the: timing of initiation of TGC, optimum target BG range for TGC, target population(s) of interest, and optimum protocol for safely attaining this BG target range without increasing hypoglycemia in critically ill children.
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